Lightweight structures have suffered long from low thermal inertia making them more vulnerable to climatic conditions. The adoption of phase change material (PCM) can potentially reduce this climatic deficiency. In order to evaluate its thermal potential, computational modeling has shown to be promising design tools. In this paper, a new TRNSYS type is developed and validated for simulating PCM-enhanced walls. Using the validated module, it is found that the best PCM's configuration is when placed in direct contact with the indoor controlled environment. Additionally, a wide range of PCM's thermal properties were simulated under typical U.S. climates to evaluate the thermal performance and identify the optimal thermal properties. The results show that a maximum saving of 0.8-15.8% is achieved on annual cooling load depending on the climate. For heating dominated climates, the savings on annual heating load is insignificant being less than 4%. The saving in peak loads was found to show more potential than annual loads for some climates. The maximum savings in peak cooling load range from 6.8-13.3% while savings in peak heating load range from 7-10.5%. For maximum savings in zonal loads, the optimal thermal properties of PCM are found to hover around the operational thermostat setpoints.
Introduction
Latent heat storage using phase change material (PCM) is a very effective passive technique that is used to dampen the effect of heat wave. As a result, the thermal load of a zone is reduced and delayed, and consequently reducing the energy consumption. Hence, PCM has gained great attention in the past decade or so. Literature shows numerous conceptual and real examples of PCM integration into building applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Many studies have been conducted to evaluate the thermal and energy performance of PCM-enhanced envelopes using field testing, laboratory, and simulation packages. Different performance indicators are used to evaluate the thermal performance of PCM. A common indicator is using the peak or annual heating and cooling loads for evaluating the thermal potential of PCMs.
It is perhaps rational to integrated PCM into external wall systems due to the availability of large surface area exposed to outside climate. Since 2000, a research group lead by Medina at the University of Kansas has established experimental testing facilities, a lab dynamic simulator and computer model for evaluating PCM-enhanced walls [11] [12] [13] [14] [15] . Over a course of a decade of research, the group has published several studies evaluating a verity of PCM design configurations in different wall orientations. Several experimental studies conducted over summer or winter days revealed that PCM has significant reduction in peak and daily loads. The three common PCM integrations tried by the group into the wood assembly wall are: 1) PCM encapsulated in embedded copper pipe, 2) Structural Insulated Panel (PCM-SIP), 3) PCM blended with cellulose insulation. Two PCM concentrations are tested throughout these studies with various latent heats: 1) 10% of PCM, and 2) 20% of PCM concentration. The average reduction in peak heating load for all walls ranges from as low as 5.7% to as high as 15% depending on the thermal properties of PCM, PCM design configurations, PCM concentration, 4 and the time period of the study. Similarly for the average space cooling load, a reduction of 9% to 11% was reported. For particular orientations, the south and west are the best for PCM integration. In one study [12] , the average reduction in peak heat transfer for 10% PCM concentration was found 37% and 20% for south and west walls, respectively. For the 20% PCM concentration, the average reduction in peak heat transfer rate was 62% and 60% for south and west walls. Recent experimental results conducted by one of the group member found that the average reduction in peak heat transfer could reach as much as 27% for the four wall's orientations [15] .
Over the last few decades, new PCM products have emerged into building industry. An experimental testing facility was built at Arizona State University to evaluate one commercial PCM product [16] . The PCM panels were installed on every surface of the test shed on the interior side. Over the course of many months of testing under Phoenix climate, the results show a reduction of 27% in peak cooling load and a reduction of 19% in annual cooling energy. Since no internal heat gain are imposed except the solar radiation from a single east window, the high surface area of PCM has to exclusively handle the cooling load generated by the heat transfer from outside climate through exterior envelope.
Using the Natural Exposure Testing facility located in Charleston in south California, two testing campaigns in summer and winter have been conducted to evaluate the performance of different PCM panels divided into two wall groups under real climatic conditions [17] . Results from wall group-1 indicated an increase in both heat gain and heat losses in summer and winter periods, respectively. The authors have indicated that the temperature and heat flux sensors installed in this wall category may have been jeopardized by the air gap that resulted in erroneous readings. The results from the other wall group show a reduction in heat gain that 5 ranges between 21.8-22.9% in summer. In winter, the reduction in heat gain ranges from 5.7%-15.4% and a reduction in heat loss from 25.5-27.7% have been reported. The results from winter and summer campaigns have been reported on 30 days period.
Validated simulation tools have also been used to evaluate the energy performance of PCM in buildings. Among validated tools, EnergyPlus is a common design tool that has dominated the recent research studies. After rigorous validation efforts, National Renewable Energy Laboratory (NREL) research team has used EnergyPlus to simulate the PCM integrations into different envelope systems using a typical house as per America benchmark protocols under Phoenix, AZ weather file [18] . The results show that PCM has minor effect on reducing the peak cooling load in the cooling season of Phoenix. For the best PCM application in the wall, a maximum reduction of around 8% in peak cooling was achieved in the month of May with only 4% peak cooling reduction in July. A couple of hospital spaces including administration office space, group treatment and patient rooms have been individually simulated using EnergyPlus for Oregon State Hospital in Junction City [19] . PCM layers with different thermal properties are integrated into these spaces for three envelope options: 1) external walls only, 2) external walls and ceiling, 3) all surfaces. The charging occurs naturally during the day but discharging is performed using night flush via integrated economizer with HVAC system. Average reduction of 15%, 17% and 28% in annual cooling energy, and 9.5%, 11%, 12% reduction in peak cooling load are achieved for external walls only, external walls and ceiling deign option, and all surfaces option respectively.
A simulation study using EnergyPlus has been conducted for office space under the climate of Seol, Korea [20] . Four PCM layers with different melting temperatures integrated into insulated lightweight wall has been studied. With all PCM types, annual heating loads have 6 marginally increased but peak loads has decreased by 3.2% for PCM with 21°C melting temperature. The maximum reduction of 1.2% in annual cooling load and a maximum reduction of 1.3% in peak cooling load were achieved. The PCMs with melting temperature close to the heating and cooling setpoints (Thtg=22°C, Tclg=26°C) are showing the highest potential. The study further uses the natural ventilation to discharge the absorbed heat. On average for all PCM layers, a reduction of 9% and 10.5% are achieved for annual cooling and peak cooling load, respectively. However, a 7.5% reduction in annual cooling load and a reduction of 10.2% in peak cooling load are solely due to natural ventilation. Another simulation study using EnergyPlus was performed for a residential flat under a tropical climate of Hong Kong [21] . The simulation study has indicated a reduction of only 2.9% in annual cooling energy. The study concluded that the PCM installation in this climate is not feasible due to the long payback period.
Few proprietary simulation packages have also been used to evaluate energy savings potential of PCM in buildings. At the University of Dayton, Kissock and co-workers [22] built a testing facility solely to validate a PCM numerical model [22] . The team used this validated model to study the impact of PCM integration into concrete sandwiched walls [23] . The peak and annual cooling loads were reduced by 19% and 13%, respectively. When PCM is discharged using cold air via natural ventilation, the annual cooling load could be reduced by as much as 17%; a 4% enhancement. A simulation study using RADCOOL found that a PCM integrated into wallboard can reduce the peak cooling load by 28% in California climate for a typical office building [24] . The claimed savings can be facilitated when PCM is coupled with mechanical night ventilation. In another simulation study for a coastal climate of California, Lee has used a validated computer model to evaluate the potential of PCM [15] . The study concluded that the average reduction in peak heat transfer rate of all four walls can reach 12%.
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A simulation study using HEATING 8 has been conducted to evaluate the PCM performance for two US climates: Phoenix, AZ and Baltimore, MD [25] . The study has investigated many PCM's design configurations in a base residential wall case and various thermal properties for four wall orientations individually. The main focus of the study was to evaluate the potential in reducing the cooling energy. The study found that when PCM placed to the interior side achieves slightly better performance but is sensitive to the zonal thermostat setpoint. When PCM is blended with full insulation thickness, the performance is less sensitive.
For PCM full thickness, the reduction in wall-related cooling electricity ranges from 6-10% and 35-62% for Phoenix and Baltimore, respectively. For both climates, west and south orientations are the best for PCM integration. For Phoenix, the optimal melting temperature range is about 2°C and 1°C above cooling setpoint (i.e., 25°C) for North and East walls and about 1°C above cooling setpoint for South and West. For Baltimore climate, the optimal midpoint temperature is always at the cooling setpoint temperature.
Athienitis [26] has validated a numerical model for evaluating gypsum board soaked in PCM using a testing facility built in Montreal, Canada. The savings in total heating load was predicted to be 15% under the cold climatic condition of Montreal. Utilizing a self-developed computer model, a small room was modeled using Algeria weather file [27] . The study found that a maximum reduction in annual cooling energy and peak cooling load are 1% achieved with 24.5°C melting temperature and 24% achieved with 33.2°C melting temperature, respectively.
In addition, a maximum reduction of 12.8% in annual heating energy and a 35.4% reduction in peak heating load are achieved using PCM with 19.8°C and 19°C melting temperature, respectively. Table 1 summarizes the results from the field, laboratory and simulation studies. It is observed that none of experimental studies have considered internal heat loads in the evaluation.
In these cases, PCM deals with outside climate as a source of heat that has to be manipulated.
Since the climate drives the charging and discharging process, PCM has proven to offer significant thermal potential. Building simulation programs offer more flexibility to model real prototype with complex boundary conditions. However, results from whole building simulation programs have indicated that PCM underperforms in prototype house models with realistic boundary conditions. The thermal potential of PCM is not equally materialized when compared to small scale room prototype. This observation has recently been highlighted by a simulation study that demonstrated insignificant energy savings when a real typical house is simulated compared to a single room house [28] . In a housing model under typical boundary conditions, several dynamic factors influence the PCM's thermal performance. For instant in hot summer season, PCM has to handle many heat sources including internal heat gain, solar radiation and heat transfer through conduction from outside climate. Tackling many heat sources with no mechanism to discharge the stored heat quickly depletes the PCM's storage capacity. Enhancing the discharging process using outside cooled air, for example, appears to be promising technique to flush the stored heat. In cold winter season, more heat sources are desirable where some are instantaneously utilized to meet the heating demand and surplus heat can be stored by PCM for later use. In mild climates, the charging and discharging process techniques are passively realized with no external manipulation. Hence, PCM is thermally more appealing in the mild transition season compared to extreme hot or cold seasons.
In general, the various studies indicate that the PCM's performance is highly dependent on many factors including the PCM's thermal properties (i.e., latent heat, melting temperature, and melting range), zonal thermostat setpoints, PCM's design configurations and integration mechanism, the insulation level of the wall assembly, PCM's surface areas, exposure to internal heat and solar gains, charging and discharging strategies and the climate. The balance between these factors will lead to enhanced PCM's performance. Computational modeling is attractive design tool that can be utilized to optimize these factors. Although whole building simulation tools such as EnergyPlus [29] , TRNSYS [30] , ESP-r [31] etc. are capable of simulating dynamic systems, they still lack algorithms that are fast, accurate and numerically stable for modeling PCM [32] . A recent study pointed out limitations and provided guidelines when simulating PCMs using EnergyPlus [18] . Similar limitations exist for other building simulation tools such as TRNSYS [33] and ESP-r [34] . These shortcomings have been identified recently by a group of experts among the International Energy Agency's (IEA) Annex 23 team members who concluded, based on their comprehensive review on PCM's modeling, that the confidence in PCM's models is too low to use for future building's behavior [35] . Moreover, the reviewed models are not tested in a very stringent or exhaustive way.
In light of the above reviews, the motivation for this study is to develop a numerical model that is capable of simulating PCM-enhanced walls in buildings. For several reasons highlighted in the next section, the developed model will be integrated into TRNSYS, a wholebuilding simulation program [30] . The model will then be validated using experimental data from literature. Based on this validated model, a typical residential house will be modeled with PCM-enhanced walls under four U.S. representative climates. The results from this study would be very valuable to design engineers and architects to select effective PCM's thermal properties to achieve maximum savings in heating and cooling loads. 
Simulation Tool
Unlike field studies, computational modeling is inexpensive yet an effective tool for analyzing, optimizing and fine tuning final designs of PCMs in building applications. This study utilizes a computation approach using TRNSYS for modeling PCM. Many features have been introduced into TRNSYS, including a graphical user interface "Simulation studio" and the possibility to call external programs such as MATLAB, FLUENT and many others [30] .
TRNSYS is a modular program where components "TYPES" are linked together in which output of one type can be an input to another in the model. Due to its modularity, proprietary "TYPES"
for modeling PCM have been successfully developed in this simulation package [32] . Therefore, this simulation package has been selected in this study.
Integration mechanism for modeling PCM-enhanced wall in TRNSYS
For modeling a building in TRNSYS, two generic modules are available; a multi-zone
Type-56 and a simplified single zone Type-19. Since it provides detailed physics for modeling buildings, the developer recommends the use of Type-56 even for a single zone building [36] .
The multi-zone Type 56 uses transfer function method (TFM) to approximate the heat transfer mechanism across building envelope. However, TFM can't handle the latent heat evolution but TRNSYS provides flexibility to integrate specially designed façade system using the concept of boundary temperature in Type-56. Using this capability, a PCM-enhanced wall can externally be modeled and consequently provide the surface temperature as a boundary condition to Type 56
for indoor air heat balance calculations. 
Figure1
Integration mechanism of an external wall type with Type 56 in TRNSYS
Development of Type-285 in TRNSYS for modeling PCM-enhanced wall
Generally speaking, any type in TRNSYS can be represented as a black box model as illustrated in Figure 2 . The type can be generated using several programming languages such as FORTRAN, C or C++, MATLAB and others [30] . The type requires inputs, parameters and outputs. Inputs are necessary variables during the simulation and can be outputs from other types within TRNSYS simulation studio.
Figure 2 Black box representation of a Type in TRNSYS
Type-285 is developed using FORTRAN programming language and compiled beforehand for use in TRNSYS. As described earlier, the developed type uses the boundary temperature concept via a massless dummy layer with a very small resistance in Type-56. Figure   3 illustrates the concept of interaction between the developed type and other components in simulation studio of TRNSYS. The wall's thermo-physical properties are provided through an external text file and necessary output data is externally saved into text files for post-processing. 
Model description and assumptions
Latent heat evolution can generally be modeled using different methods; enthalpy method, heat capacity method, heat source method and others [32] . In this study, the enthalpy method is adopted for modeling PCM. For conduction-dominated heat transfer problems, the governing equation of phase change can be written in a general form as:
Building Weather_EPW A fully implicit control volume approximation is used. Therefore for internal nodes, equation (1) can be discretized as follows:
Collecting terms and rearranging, equation (2) becomes:
Where:
Equation (3) is nonlinear since both ݄ ାଵ and ܶ ାଵ are unknown at this time step. A linearization technique can be, however, utilized to solve this equation as proposed by Patankar [37] . Using this technique, the ݄ ାଵ term can be approximated as follows:
At the start of simulation, the temperature fields are based on guess values. Hence, the heat capacity term in equation (4) (i.e.,CሺTሻ ୬ାଵ,୫ ) can be found using the following relationship [38] :
When equation (4) is substituted into equation (3) and after rearrangement and collecting terms, the following linear discretized equation is derived:
The discretized equation (6) can be solved using several numerical schemes [39] . For this study, the equation is solved using the iterative correction scheme developed by Swaminathan and
Voller [40] . A direct solver such as Tri-diagonal matrix algorithm (TDMA) can be easily employed to solve T ୬ାଵ,୫ାଵ . Once the temperature field is determined, the node enthalpies are updated based on equation (4). Subsequently, the temperature field is corrected to be in consistent with enthalpy temperature performance curve using the following equation [40] :
The iteration process in this prediction-correction cycle continues until convergence is reached. Figure 4 illustrates the calculation procedure adopted in TRNSYS "TYPE285".
Figure 4 Calculation procedure implemented in TRNSYS "TYPE285"
The developed numerical model is primarily intended for integration into TRNSYS.
Hence, a one-dimensional heat transfer equation is selected to reduce the computational time. A fully implicit time stepping scheme is utilized since it is unconditionally stable regardless of the time step. The spatial discretization is based on the finite volume method and the harmonic 20 average suggested by Patankar [37] for materials conductivity is used. Although they are important, studies found that hysteresis and sub-cooling are either negligible or less important for common PCMs used in building envelope, hence disregarded in this model [41, 42] .
Model validation
The numerical model described in this study has been validated at wall level. Since this model is integrated into whole building simulation tool, it is also important to validate the model at building level where complex boundary conditions are considered. Therefore, additional validation for the numerical model at cell level is performed. For this validation, experimental data using two test cells "MICROBAT" from Kuznik's study is used as illustrated in Figure 5 [43].
Figure 5 MICROBAT test cells used for validation 21
One MICROBAT test cell is without PCM layer for control purpose and the other cell is with PCM layer installed on three vertical walls. The fourth vertical wall is of an aluminum face and all other surfaces are without PCM. The PCM panel used in this experimentation is commercially available [44] . Figure 6 shows the validation results of Type-285 when compared to control test cell and PCM enhanced test cell. The current numerical module Type-285 is also compared to Type-260 developed by Kuznik [43] . Since hysteresis is inherited in this particular PCM product, the melting and freezing curves are both used for comparison. It is clearly obvious that the current model gives reasonable results when compared to experimental data and numerical results predicted by Type-260. Protocols published by NREL was the main source used to define a base case residential building [45] . However, other resources have been utilized to set other assumptions too [46, 47] .
The building is modeled assuming a single story, detached house. As a simplification, the house is modeled with two thermal zones: main conditioned zone and unconditioned attic zone.
The two zones are separated by a highly insulated ceiling assembly as mandated by the local code. The roof slope is assumed to be 4:12 with no overhang, no internal or external shading is assumed. No garage is included in the base case. Based on the highest frequency reported by Kneifel [46] from the U.S. Census' Survey of Construction database, a total floor area of 167 m 2 (1800 ft 2 ) is considered for this study. To simplify the inputs of internal heat gain in TRNSYS, the schedule and the maximum wattage are determined from the peak consumption load profile and the total electricity consumption estimate [45] . After removing the normalization, the internal heat load profiles used in TRNSYS are shown in Figure 7 . To simplify the inputs further, no monthly adjustments as suggested by [45] are performed for the schedules.
Figure 7
Internal load schedules for the base case residential building TRNSYS can be used to model HVAC systems in a building at two modeling levels: energy rate control and temperature level control [48] . In this work, the energy rate control modeling approach is adopted to evaluate the impact of PCM on the heating and cooling loads at zone level. This approach assumes simple HVAC system with an ideal control of thermal zones [48] . The energy is added or extracted at the zone level to meet the heating or cooling load as needed to control the indoor air temperature within desirable heating and cooling setpoints. This method is quick, simple and more appropriate for studies that are aimed at zone level evaluation and therefore deemed to be satisfactory for this work. The basic characteristics of the house's model in TRNSYS are summarized in Table 2 . For this analysis, four cities representing U.S.
climatic zones are selected; Phoenix AZ (Climate Zone-2), Atlanta GA (Climate Zone-3), Seattle WA (Climate Zone-4), and Golden CO (ClimateZone-5). Based on the Building America House Simulation Protocols [45] , the base case residential housing has different mandates for different climate zones as shown in Table 3 . Based on climate zone, refer to Table 3 As per Building America benchmark [45] Based on climate zone, refer to Table 3 Based on climate zone, refer to Table 3 Roof=0.9, Wall=0.6 15% of exterior wall area, uniformly distributed in all orientations Double glazing:
Thermal properties are based on climate zone, refer to Table 3 TRNSYS doesn't use SHGC but an equivalent window is selected Room zone: ASHRAE K1,K2, K3 Attic Zone: 10 * infiltration of Room As per [47] 553.6 W radiative power = 0.4 convective power =0.6
As per Building America benchmark [45] Refer to Figure 7 internal load schedule Sensible= 733.3 W Latent =89.3 W Sensible= 225 W Latent =225 W Cooling setpoint= 24°C Heating setpoint= 22°C
minutes
As per Building America TRNSYS doesn't use SHGC but an equivalent window is selected [47] As per Building America 
Results and Discussion

Base case modeling results
Four performance indicators have been selected to investigate the impact of PCM at zonal level: peak heating load, annual heating load, peak cooling load and annual cooling load.
Using the indicators, Table 4 provides the results of the base case residential building (no-PCM case) for the four selected climates. 
Sensitivity analysis of PCM's design determinants
The thermal behavior of PCMs is highly dynamic when exposed to dynamic environmental conditions. Outside the phase change regime, PCMs behave in a similar fashion to other sensible materials. The design determinants are based on many factors such as PCMs location in the wall, wall orientation, solar radiation, internal gains, color of the surface, natural ventilation rate, latent heat, melting temperature, and melting range [53] . For this study, the parameters vary include: 1) location of the PCM in the wall, 2) wall orientations, and 3) PCM's thermal properties: latent heat of fusion, melting temperature, and melting temperature range.
For this analysis, the climate of Golden, Colorado is selected.
PCM location within the wall assembly
The external wall in the base case is modified by placing a PCM layer with a 12.5 mm thickness at three locations: to the interior side (iPCM), in the middle of the wood assembly Figure 9 shows the impact of locating the PCM on the annual zonal loads. When PCM is located to the interior side, maximum cooling savings of 6% occurs at 1°C below the cooling setpoint with 1°C melting temperature range being the best. The savings in annual heating loads is 2.4% and occurs at the heating setpoint with a 2°C melting temperature range. As the PCM location moves away from the indoor environment, the savings becomes less significant. The lowest savings are observed when the PCM is located on the exterior side. For the PCM to the middle, the savings in cooling load drops by almost half and optimal properties moves to the wide melting range side of 4°C. The maximum savings in annual heating load is in the range of 1.8% which is not significantly different than the iPCM case but the melting range covers wider 30 melting range region (2-8°C) at optimal melting temperature of 20°C as depicted in Figure 9 (b).
When PCM layer is located to the exterior side, the optimal melting temperature for maximum savings in cooling and heating loads is shifted to the cold range. This is an expected result for the cold climate of Colorado.
Figure 9
Percentage savings in annual cooling and heating loads for the case of 200 kJ/kg under Golden, CO when (a) PCM located to the interior side (iPCM case) , (b) PCM located in the middle (midPCM case) and (c) PCM located to the exterior side (ePCM case)
PCM's thermal performance at different orientations
The previous section considers the use of PCM layer equally in all orientations at different locations within the wall assembly. The best PCM location was found to the interior provides maximum savings in annual heating and cooling load as shown previously in Figure 9 (a). The result of every orientation is shown in Table 5 . Although the savings in annual loads for using PCM at specific orientation are insignificant, the table shows that the maximum savings are achieved in south, west and east, and finally north. When PCM is utilized in all orientations, the savings for both annual cooling and heating loads are manifested. 
Simulation of a PCM case under other climates
Many studies including this one suggested that the best PCM location is when it is placed into direct contact with indoor environment [54] [55] [56] [57] [58] . Hence, all walls in the base case house are placed with PCM to the interior side. Wide PCM's melting temperatures and melting range are studied where a latent heat of 200kJ/kg is selected for all climates under study. Figure 10 shows the savings in annual cooling and heating loads for this latent heat case. Regardless of climate, 32 the figure indicates a similar trend of optimal melting temperatures and melting range. For maximum savings in annual cooling loads, the optimal melting temperature is 23°C, a degree below the cooling setpoint of 24°C. For maximum savings in heating loads, the optimal melting temperature is at the heating setpoint of 22°C.
The PCM layer performs better when the melting range is at a narrow melting range (i.e., 0.1-1°C) for maximum savings in annual cooling loads. The maximum percentage savings in annual cooling loads are achieved in Seattle (13%), Golden (6%), Atlanta (2.2%) and finally Phoenix (0.6%). Although insignificant, an interesting observation for Phoenix is that the PCM would increase the annual cooling loads when its melting temperature is 25°C and a narrow melting range of 0.1°C is used. For maximum savings in annual heating loads, a wide melting range of 2°C is favorable across all climates. The percentage savings in annual heating loads for Golden, Atlanta and Seattle ranges from 2.4% to 3.8%. Since the annual heating load for Phoenix is insignificant for the base case, refer to Table 4 , the relative saving is significant when compared to the small base case value. Another advantage of using PCM is the ability to reduce the peak loads. Figure 11 illustrates the percentage savings in peak cooling and heating loads for the four cities. Since the 34 peak loads occur at extreme conditions, the maximum savings in peak loads also occur at higher or lower conditions than those experienced for annual loads. The maximum percentage savings in peak cooling loads are achieved in Atlanta (11%), Seattle (9.5%), Golden (9%), and finally Phoenix (6.6%). As observed from the figure, the maximum savings in peak cooling loads occur at optimal melting temperature of 25°C for Atlanta, Seattle, and Golden and at 26°C for Phoenix.
The optimal melting temperature values are 3°C higher in Phoenix and 2°C higher in the other Other cases of latent heat cases were also simulated to identify the optimal melting temperature and melting range across the different latent heat cases for different climates. The latent heat cases of 50-300kJ/kg on 50 increments and a melting temperature range between 0.1-8°C were selected. For Phoenix climate, the melting temperature was varied from 19-28°C on 1°C increment to capture the effect of hot climate on PCM performance. For the remaining three climates, the PCM layer was selected with melting temperature between 18-27°C on 1°C increment. A total of 360 yearly simulation runs for each climate were performed. In order to simplify the analysis, the maximum savings in annual and peak loads for every latent heat case are extracted with their corresponding optimal melting temperature and melting range from the simulation results as summarized in Table 6 and Table 7 .
Generally speaking, the optimal melting temperature for maximum savings in annual heating loads is at the heating setpoint of 22°C as shown in Table 6 . There are cases where the optimal melting temperature is 1°C below the heating setpoint especially in Phoenix (a case of 50 kJ/kg) and in Seattle (cases of 50 and 100 kJ/kg). It is observed that finding a universal optimal melting range for PCM is challenging. To achieve maximum savings in annual heating loads, a melting range temperature greater than 1°C is necessary. Atlanta is an exception where the maximum savings in annual heating loads occur at melting range of 0.1°C. As clear from the table, the maximum reductions in annual heating load across the latent heat cases are 22.6-55.8%, 2-4.2%, 1.9-3.6%, 1.3-2.8% for Phoenix, Atlanta, Seattle, and Golden, respectively. In addition to the annual load, peak load is another performance indicator that is of a particular interest when thermal storage is utilized in buildings. Table 7 summarizes the maximum percentage savings in both peak cooling and heating loads for the four US cities. The optimal melting temperature for maximum savings in peak cooling load occurs at a degree higher than the cooling setpoint of 24°C for the climates of Atlanta, Golden and Seattle, but a two degree above the cooling setpoint is observed for the hot climate of Phoenix as shown in Table   7 . However, there are some exceptional extreme cases that show different optimal melting temperature than the generalized trend. For example, the case of 300kJ/kg under Seattle climate
shows an optimal melting temperature of 24°C and the case of 50kJ/kg shows an optimal temperature of 26°C and 27°C for Atlanta and Phoenix, respectively. For Atlanta and Phoenix, a melting range of 0.1-1°C is preferable compared to a melting range of 0.1-2°C for Golden and Seattle climates. The maximum savings in peak cooling load for the latent heat cases of 50-300kJ/kg are 1.6-6.8%, 2.8-11.3%, 4.4-13.3% and 5.4-10.3% for Phoenix, Atlanta, Seattle, and
Golden respectively. On the other hand, the optimal melting temperature for maximum reductions in peak heating load occurs at 20-21°C depending on latent heat for Phoenix as summarized in Table 7 . According to the summarized results in the 
Summary of results
Several hundred simulation runs were performed and the results are further summarized in Unlike the savings in annual loads, the peak loads show a higher potential for some climates but at different optimal PCM's thermal properties. This demands a careful selection of PCM's thermal properties by designers depending on the overall design objective. Apart from Phoenix which calls for low heating demand, the maximum savings in peak heating load ranges from 7-10.5% in heating dominated climates. The melting temperature is 1-3°C below the heating setpoint depending on the latent heat and climate with a melting range of 0.1-1°C. The maximum savings in peak cooling load are 6.8-13.3% where the lower value is achieved in Phoenix and the higher value is achieved in Seattle. To achieve these values, the melting temperature should generally be between 24-26°C for mild summer climate and 26-27°C for 42 cooling dominated climate with a melting range should be in the range of 0.1-2°C depending on climate.
For benchmark comparison, the results in Table-8 can be compared to those summarized in Table 1 . Medina and co-workers reported an average reduction of 9-11% in space cooling and a reduction of 5.7-15% in peak heating load in Lawrence, Kansas [11] [12] [13] [14] . Based on simulation under Dayton climate, Kissock found that the peak and annual cooling loads were reduced by 19% and 13%, respectively [22] . Using EnergyPlus, Tabares reported a peak cooling reduction of 4% in the peak month of July in Phoenix [18] . A recent simulation study performed for major Australian cities indicted that the energy savings from a typical whole house is much less than a small scale room house [28] . This explains the low savings potential of PCM in this study. The results from this study are overall in agreement with the results obtained from the literature. Notes: all results are for optimal PCM's thermal properties at a heating setpoint of 22°C and a cooling setpoint of 24°C
Conclusion
In this research work, a new TRNSYS numerical module "Type-285" for modeling PCM-enhanced wall was developed and validated using experimental results. The validated module has been utilized to study different PCM's design determinates including PCM's location within the wall assembly, orientation and PCM's thermal properties. Results from a single climate indicated that the best location for PCM layer is when located close to the controlled environment; to the interior side of the building. This conclusion is in line with literature as has been demonstrated in several studies [54] [55] [56] [57] [58] . Regardless of orientation, the thermal performance of PCM is equally valuable with the highest performance when PCM is embedded in all walls.
This concludes that more PCM's surface area is thermally beneficial.
Four U.S. representative climates: Phoenix AZ, Atlanta GA, Seattle WA and Golden CO, were selected for evaluating thermal performance of PCM when placed to interior side of the wall. A wide variation of PCM's thermal properties was simulated. For this particular case study, it is concluded that PCM has undergone low performance. The results summarized in Table 8 are, however, found to be in agreement with a literature summarized in Table 1 . The results
show that a maximum saving of 0.8-15.8% is achieved on annual cooling load with the lowest being observed in Phoenix AZ and the highest in Seattle WA. For heating dominated climates, the savings on annual heating load is insignificant being less than 4%. The saving in peak loads show more potential than annual loads for some climates. The maximum savings in peak cooling load range from 6.8-13.3% with the lowest in Phoenix AZ and the highest in Seattle WA. The maximum savings in peak heating load range from 7-10.5% with the lowest in Golden CO and the highest in Seattle WA.
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Another objective of this study was to determine the optimal PCM's thermal properties.
This, however, has shown to be a challenging task since no universal guidelines can be drawn for optimal PCM's thermal properties across climates. This is pertained to the latent heat of PCMs, the building's operational characteristics (heating and cooling setpoints and internal load profiles), the climate, and the intended design objective. Therefore, the PCM's thermal properties should carefully be selected. In this regard, the following can be concluded about the optimal PCM's thermal properties:
For maximum savings in annual heating load, the optimal melting temperature should either be at a heating setpoint of 22°C or a degree lower, depending on the PCM's latent heat. A narrow melting range of 0.1-2°C is favorable with exception of Golden climate which demands 1-4°C melting range.
For maximum savings in annual cooling load, the optimal melting temperature should be a degree lower than the cooling setpoint across all climates. The corresponding melting temperature goes from a very tight value of 0.1°C in a severe summer climate to a little wider melting range of 2°C in mild summer climates.
For maximum savings in peak heating load, the optimal melting temperature is 1-3°C below the heating setpoint depending on the latent heat and climate with a melting range of 0.1-1°C.
For maximum savings in peak cooling load, the melting temperature should generally be between 24-26°C for mild summer climate and 26-27°C for cooling dominated
climate with a melting range should be in the range of 0.1-2°C depending on climate.
Further research is needed to enhance the thermal performance of PCM in residential buildings. In particular, the charging and discharging process should clearly be evaluated under 46 dynamic environmental conditions. Ideally, the charging and discharging process should occur on a daily bases for maximum benefits. In summer mild climates, the PCM can be flushed with outside cooled air via natural ventilation during night to prepare the PCM for the next hot day cycle. In winter cold climates, solar harvesting techniques should be fully exploited to store the solar heat for later night use. This could be achieved using direct solar gain techniques such as high south fenestration systems or using advanced TROMBE PCM-enhanced walls.
package to perform this study.
Nomenclature
ܽ matrix coefficient C specific heat capacity ݄ enthalpy h ୡ୭୬ convective heat transfer coefficient h ୡ୭୫ combined heat transfer coefficient (convective + radiative) at inside surface h ୖ long wave radiative heat transfer coefficient k thermal conductivity L latent heat of fusion qsolar Solar radiation received on the tilted surface qconv convective heat gain or loss at outside wall surface qlwr long wave heat gain or loss at outside wall surface qabs solar radiation received at inside wall surface qu user-defined heat flux to the surface qcom combination of convective and radiative heat flux from the surface Qinf sensible infiltration energy gain of the zone Qv sensible ventilation energy gain of the zone Qcplg gains due to (connective) air flow from zone I or boundary condition Qgain internal convective heat gains (by people, equipment, illumination, radiators, etc) Rstar star resistance 
